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spectra are in principal valid up to 10 Hz.    Presently,   roundoff errors 
compounded by estimation errors due to the coda of the events limit the 
accuracy and validity of spectra at low frequencies less than approxi- 
mately 1 Hz.    It is anticipated that with further development of the method, 
valid d^placement spectra can be measured at lower frequencies. 

Discriminants between earthquakes and explosions were derived 
from measurements of corner frequency and displacement amplitudes 
taken from the spectra of events.    These discriminants appeared to be at 
least as effective as other short-period spectral discriminants such as 
spectral splitting,   spectral moments,   and spectral magnitudes.    The 
discriminants utilized measurements of spectra which are accurate only 
at frequencies greater than 1 Hz.    Additional discriminants based on low 
frequency characteristics of the displacement spectra may be possible in 
the future when the accuracy of displacement spectral calculation is im- 
proved.      

itk spectral measurements of corner frequencies and displace- 
ment amplitude were used to compute magnitudes assuming   E1'2   scaling 
where   E   id the radiated seismic energy.    Comparison of spectral mea- 
surements of magnitudes at regional distances to teleseismic time domain 
measurements of earthquake magnitudes by the seismic network indicates 
that such measurements could be made with unexpected precision (ap- 
proximately 0. 17 standard deviations of magnitude).    The results from 
telesetsmic measurements of P-waves were less precise (approximately 
0.Z9 standard deviations).     For ?arthquakes.   magnitudes derived from 
spectral parameters ft*« consistent with the event mb derived from time 
domain measuremen ■*.    For explosions,   magnitudes derived from spec- 
tral parameters are consistently higher than those derived from time 
domain measurements by a constant amount.    This constant positive dif- 
ference between the spectral and time domain magnitude measurement 
indicates events with greater high frequency radiated energy.     This 
magnitude difference along with measurement of the spectrum corner 
frequency appears to be the best means of discriminating explosions from 
earthquakes based on the high frequency characteristics of the events 
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A method was developed for computing the displacement spec- 

trum <A earthquake dislocations and presumed explosions with greater accur- 

acy.    Measurements of corner frequencies and displacement amplitudes are 

considerably less ambiguous than those derived from conventional spectra. 

The relatively narrowband system response is apparently correctly accounted 

for in the equations for ground displacement,   so that the displacement spectra 

are in principal valid up to 10 Hz.    Presently,   roundoff errors compounded by 

estimation errors due to the coda of the events limit the accuracy and validity 

of spectra at low frequencies less than approximately 1 Hz.    It is anticipated 

that with further development of the method,  valid displacement spectra can 

be measured at lower frequencies. 

Discriminants between earthquakes and explosions were derived 

from measurements of corner frequency and displacement amplitudes taken 

from the spectra of events.    These discriminants appeared to be at least as 

effective as other short-period spectral discriminants such as spectral split- 

ting,   spectral moments,  and spectral magnitudes.    The discriminants utilized 

measurements of spectra which are accurate only at frequencies greater than 

1 Hz.    Additional discriminants based on low frequency characteristics of the 

displacement spectra may be possible in the future when the accuracy of dis- 

placement spectral calculation is improved. 

The spectral measurements of corner frequencies and displace- 

ment amplitude were used to compute magnitudes assuming   E scaling, 

where   E   is the radiated seismic energy.    Comparison of spectral measure- 

ments of magnitudes at regional distances to teleseismic time domain mea- 

surements of earthquake magnitudes by the seismic network indicates that 
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such measurements could be made with unexpected precision (approximately 

0. 17 standard deviations of magnitude).    The results from teleseismic mea- 

surements of P-waves were less precise (approximately 0.29 standard de- 

viations).    For earthquakes,   magnitudes derived from spectral parameters 

are consistent with the event mb derived from time domain measurements. 

For explosions,   magnitudes derived from spectral parameters are consis- 

tently higher than those derived from time domain measurements by a con- 

stant amount.    This constant positive difference between the spectral and 

time domain magnitude measurement indicates events with greater high fre- 

quency radiated energy.     This magnitude difference along with measurement 

of the spectrum corner frequency appears to be the best means of discrimina- 

ting explosions from earthquakes based on the high frequency characteristics 

of the events. 
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SECTION I 

INTRODUCTION 

The purpose of this study is to further investigate a possibility 

of deriving more effective short-period seismic discriminants.    In the past, 

short-period discriminants have been used to confirm discrimination results 

of more reliable methods such as M    versus m    and focal depth estimates. 
s b 

An effective set of short-period discriminants would be useful in its own right. 

The detection capability for short period data is in most cases better than 

for long-period dati .    Also,   the cost of installation and operation of a world- 

wide system for acquisition of long-period data is considerably greater than 

that for short-period data.    Therefore,   it is worth directing research toward 

establishing the limit of applying short-period data to discriminating explosions 

from earthquakes.    Knowledge of this limit will assure that the final system 

configuration implemented will provide the most cost effective seismic 

monitoring of nuclear explosions. 
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SECTION II 

THEORETICAL BACKGROUND AND PREVIOUS EXPERIMENTAL RESULTS 

A. THEORETICAL BACKGROUND 

Briefly described is a theoretical basis for applying measure- 

ments of corner frequency and other spectral parameters to the problem of 

discrirrvnating between explosions and earthquakes.     Brune (1970) presented 

a model for the spectrum of shear waves from a dislocation.    His formula for 

the arerage spectrum is: 

<n(0>     <V,>lf-F(e) 
if (f/f ) 

c 

(II-l) 

where 

and 

F (t) 

a 

ß 

fc 
t 

fo 

2.\   1/2 |  [a-Mfl-cog (1.21 i f/f)] +e2i 

■ stress 

■ shear velocity 

=   rigidity 

=   corner frequency 

=   fractional stress drop 

higher corner frequency due to effect of fractional 

stress drop 

<R>       average of radiation pattern of shear waves. 

Eigure H-l shows a spectrum calculated according to Equation II-l. 

If the stress drop from a dislocation is 100% complete, t«!. 

Then the spectrum is flat nearly up to the corner frequency v'f )    and falls 
-2 r 

off as f      above the corner frequency.    Eorc«l,   the spectrum is flat up the 

corner frequency above which it falls o'. as i'\    At higher frequencies its 

slope gradually increases until at frequencies greater than f    • f A.   the 
o        c 
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spectrum falls off very sharply as f   0    (2< V  < 10),  as a s;.de lobe of F(0 is 
o 

approached. 

Hanks and Wyss (1972) presented the theoretical spectrum of 

P waves fron-, an earthquake.    The functional form of their result is similar 

to that of Brur.e although the definition of some parameters such as f    and 
c 

*( R      )• is different. 

The expression for the radiated energy from earthquakes is 

(Hanks and Wyss 1972). 

bd) f 
2 

df (11-2) 

by a straight forward application of Parseval's theorem to the volume inte- 

gration of kinetic energy density. Equation 11-2 is valid for shear or com- 

pressional waves under any model.    For Brune's model,  given an arbitrary 

exponent -y on the frequency above the corner frequency f  ,   the radiated 
c 

energy of P or S waves is given by choosing the appropriate factors in: 

E8(P,S)=^-).(«./3). 

2 2   " (P'S) I , , 
»ft'lU»* 4    fc

3(P.S)(i  .-l--) . (n.3) 
<Rea)(P.S)>   C 3       ,T-J 

Here 

I{P) = 4 7r/!5,   1/S) =Zn/l5 

((*,ß) = compressional velocity or shear velocity 

R = the distance in kilometers 

P =18 the density. 

Py equating the energy derived empirically by integrating the 

spectra to that derived in Equation (II-3) it is possible to solve for an 

11-3 



"energy" come- frequency,   f^.     This is an alternative method of measurin« 

corner frequency which involves not only the corner frequency f    but also 

other details of the spectrum.     Assuming "> = 2 we can solve(ll.^for the energy 

corner frequency for P waves. 

Log f    = . 03 +   i    Lon 
e 3 {IkH1*] (11-4) 

The constant . (H was obtained using 3. 32 for the density «ad ii    is the normal- 

i/.ed amplitude spectral density taken as  1.0 below the measured corner fre- 

quency. 

Another theoretical scaling law found by Thatcher and Hanks 

(1970) is: 

2 ? 
Log (2r) ■   - ML + 2. 9 -  Y     Log AO 

where  Ao   is the stress drop and  r is the radius of the dislocation.     The rela- 

tionship f„r stress drop,   where    Qj    is corrected for attenuation,   and |    is 

the corner frequency in Brune's model,   is: 

LogAa   •LogQi     +  J Log f    + constant, 
o "   c 

Assuming that m^ and M^ scale similarly wilh energy   we h ave 

Log (2r) = j n^ - T   Log  ,2.    . 2  Log f    + constant fn-5) 

where m^ is a network magnitude.     By taking the constant equal to zero.   Log 

(2r) is proportional to the source dimension. 
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As .i   rtsul» of thr  response of the seismic   systerr.,   a layered 

earth and aboorption,   the conventional magnitude probably  reflec ts the seismic 

source wavelet at frequencies between 0.7 and 1. 5 Hz.     Thus elevated spectral 

magnitudes ( or radiated seismic energies)  reflect the- combined effect of 

higher corner frerpienc ies and high frequency peaks in the spectrum of the 

signal.     The presence of the latter,   although indicated by the spectra of some 

events,   cannot be considered well  established due to the present accuracy of 

conventional spectral computations at frequencies less than the order of 1 Hz. 

B. PREVIOUS EXPERIMENTAL RESULTS 

Using a data base of 136 local California events observed by 

a local network of seismometers,   Thatcher and Hanks (1973) computed local 

magnitude and other source parameters from measurements of the long-period 

spectral displacement amplitude fj    and the corner frequenc v f    of shear waves 
o ^ 7    c 

from local events.     Their emnerical  scaling law was : 

M     = log Q    +   - log f    + 7.2 . 
L, o c c 

This  result rombined with radiated energy computed from Equation II-4 led 

to the following relationship between radiated energy and M.   with good corr- 

espondence with the observed data : 

Log E    = 2.0 M     + 8. 0 . 
s IJ 

The local magnitude is seen to be proportional  to log E 1/2 

Following these results,   it has been assumed here that m   's 
b 

for regional and teleseismic events can also be estimated from measurements 

of il     corrected for attenuation with distance and f   ,   and are also proportional 
0       1/2 c 

to log (E       ).    That is: 

m,     = log  il    +   — log £    4 constant . 
bs o       2 c (II-7) 

Analysis of data by Richter (1958)  shows that this assumption is close if not 

II-5 



exact.     The validity of the assumption can also be asseseed by the results 

obtained here. 
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SECTION III 

SPECTRAL ESTIMATION TECHNIQUES 

A. THEORETICAL DEVELOPMENT 

Several methods can be used to find the earth displacement 

spectral density.    The conventional method is to compute the power as a 

function of frequency using the discrete Fourier transorm,   (DFT) on sampled 

data and to smooth the result. 

There can be problems in interpreting the results of spectra 

computed this way.    In particular,   this method implictly assumes that the data 

outside the transform interval are zero,   which is a less reasonable assump- 

tion lor lower signal to noise ratios.    Also,  due to truncation of the signal, 

leakage occurs from the spectral estimate at one frequency into other i  e- 

quencies of lower power.     These effects cause large errors of unknown 

magnitude.    For seismic data these problems are intensified by the fading ran- 

dom character of the recorded signal,   and such errors are magnified at low 

frequencies when corrections are applied for the system response. 

The seismic signal can be conceived of as a deterministic 

wavelet convolved with a random function representing multiple delayed 

sources,  multiple paths through the medium,  and reverberations due to 

scattering.    Even direct transmissions arriving after the first can change in 

shape due to effects of propagation.    Thus,   there can be expected large vari- 

ence from the assumption of time stationarity of the signal waveform and the 

assumption of a stationary random process for coda amplitudes.    To obtain 

the most efficient and accurate statistical estimate of the signal    which 

contains source effects tlone it is useful lo estimate the average wavelet 

III-l 
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corresponding to the widest posslU« range of emergence angle from the 

source and paths through the medium.     To obtain this result,   the maximum 

entropy method uses the empirical autocorrelation function as input data. 

It computes from a large sample of data the smallest possible number oi 

points needed to lepresent the average seismic signal. 

The maximum entropy method (Barnard,   1969) uses a specified 

number of lags of the autocorrelation function   ^  as input dava,   and computes 

thr best prediction error filter £   in a least squares sense. 

[♦]£ ■   E I*- [EO   . 0. 0 . . . O]. (IH-l) 

Herr U is the Toplitz autocorrelation function matrix 

w 
0(0) ..   0(1)  .   .   . 0(N) 
0(0 0(0)  .   .   . *(N-1) 

'(N)        0(N-1) .0(0) 
(III-2) 

and Eo is the energy of the input times series.     The filter f predicts the 

values of    0    outside the data interval and thus avoids the problems associat- 

ed with assuming that they are zero there.    Problems arising from spectral 

windowing are reduced to the extent that all of the values of the autocorrela- 

tion can be predicted.     Furthermore,   since the prediction filter is based on 

that part of the input which is deterministic and hence predictable,   it can be 

used to estimate the spectrum of the seismic wavelet,  as follows : 

The z transform of   I* = h. ,   >'    .   .   .    -y   -|    1S    ^y     z
n 

2 nJ Z-./n 
n= 1 

and the absolute value of the spectrum obtained by setting Zn= e
lnAtw in the 

z transform is the desired amplitude spectrum. At is the time between sam- 

pled data points. 
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Another more accurate method of solving for the prediction 

error filter is provided hy ar    algorithm refcred to as the Burg technique, 

and is described by Ulrych (197 i).     This method minimizes the effect of 

errors in the empirical correlation function by estimating the prediction 

error filter coeffee icnts directly from the data.    Comparisons of the accuracy 

of spectra computed conventionally by the DFT and hy the maximum entropy 

method are given by King et    al.   (1974). 

Another formulation of the maximum entropy method was used 

here to compute the displacement amplitude spectrum.    It can be shown that 

the above formulation for the prediction error filter coeffecients is an approx- 

imation even if its assumptions are satisfied.     The validity of its  results 

depend on the amount of data used to estimate the filter.     The required 

record length to achieve specified accuracy is related to the distance of the 

closest  roots of the | transform of the prediction error filter coeffecients 

from the unit circle in the | plane.     The | transform of the spectrum under 

Drune's model can contain multiple roots just inside the unit circle.    It is 

therefore preferable to obtain an exact solution for the inverse autocorre- 

lation function,  A,   rather than estimating it by inverting the  ■/. transform of 

the prediction error filter.     This is done by solving 

I^JA^Q <£• [O.O,O.,EO. ..,0. 0. ()] (m.JI 

where    Ara    ...a    ...a     i    and   a.(z) ■  7*(z) > (z) . L   n o n J i ^   ;   (|\   / • 

It can be shown that this solution    A^ is exact for any length of sampled data. 

This is true even if the poles of the    |    transform of the prediction error filter 

lie on the unit circle.    To find the spectral amplitude,   the cosine transform 

of the vector    A   is inverted and the square root extracted.     Then   E     is found 
o 

by convolving the normalized inverse auto( or relation   A   with the empirical 

autocorrelation function.    By extending the convolution beyond the length of 

the input time series,   the error associated with the prediction of the auto- 

correlation function at these lags can be estimated.   This error is expressed 
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as a percentage of the value at zero lag,   E   . 

Given the energy   Eo   and the normalized inverse autocorrela- 

tion function   A   the amplitude spectrum is: 

12(f)   = 
E At 

n 

1+2    J] Z ffnf At    a   cos 2 Trnf 1/2 
(m/i-sec) (IJI-4) 

where At is the sample time.     This spectrum pertains to that part of the 

empirical autocorrelation function which can be predicted.    For that reason 

the method If limited by the presence of unpredictable coda,   ambient noise, 

and in some cases by zeros of the system response or in the signal wavelet, 

especially those which lie on or near the unit circle. 

Just such a problem arises when computing the displacement 

spectrum of seismic signals as actually recorded.    The seismometer response 

transform can be closely represented by tl e ratio of polynomial  | transforms 

P{z) /Q(Z).     The poles of the system response are easily removed by multiply- 

ing the z transform of the observed signal by Q(z).   which can be shown to be 

a stable procedure and to increase the signal to noise ratio by enhancing high 

frequencies.    On the other hand the zeros of the system response transform 

at NORSAR involve a 3 rd order root on the unit circle.    Their removal by 

synthetic division by P{z) is an unstable operation which enhances roundoff 

errors and greatly reduces the signal to noise ratio by enhancing low frequency 

energy.    Therefore,   the equations for the maximum entropy spectrum are 

modified to include the zeros of the system response as follow..    A modified 

inverse autocorrelation function   B   is solved by: 
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where 
: L"Rr   V   V-'-J      is the ^^correlation function of the sys- 

tem response and   BT   is the inverse autocorrelation function of the earth dfe 

placement corrected for instrument response.     The equation for the displace- 

ment spectrum is analogous to (111-4). 

ß(f)  - E1/2  &t 
o 
n 

1 +  «i 2  b    co9 2n nfAt 
n^l 

1/2 

/     „ x (111-5) (m^i-sec). ' 

To be as objective as possible,   data  windows to compute the 

autocorrelation function are automatically determined.     The initial point 

of a signal gate |. chosen by v^ual inspection of the trace.     Two windows 

beginning there are automatically detected. 

The first,   called the signal window,   is picked by calculating 

the power xn a fixed length gate which moved down the signal from the miti. 1 

point.     The potel at wMch tfü. power decreased for some preassigned number 

of points     was chosen as the end of the signal gate. 

The coda gate was chosen by calculating the signal-to-noise 

ratio based on noise preceeding the signal and a moving signal gate as before. 

When tins signal-to-noise ratio dropped below 2.0.   the end of the coda was 

declared. 

Spectra calculated using this detector are relatively in- 

sensitive to its parameters.     This procedure minimises the influence of 

varying coda lengths in the determination of the signal pulse displacement 

spectrum. 

B. NUMERICAL TESTS OE THE METHOD 

The maximum entropy spectral estimation technique was 

tested by representing the seismic signal as a unit spike convolved with a 

low-pass filter.    Tests were performed by choosing a corner frequency 1.0 Hz 
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and  roll-off of 12 dB/oclavr.     The system response was approxinatefi by 

digital filters.     The eomputid suet trum was compared to the theoretically 

expected spettrum.   takin« into account effects of instrument  response and 

filtering.     The observed spectrum was constant at the expected level. 

A  second test was performed to  investigate the influence of 

the coda on the accuracy of spectra computed in this way.     The   test data 

were construe ted by convolving the above I   Hz corner frequency signal gen- 

erated by multiplying a random normal variate with mean zero and standard 

deviation one with a fat tor exp (-N/SO),   where N was the index of the point. 

Spectra for synthetic  signals with various values of the ratio of signal  energy 

to co,la  incrt-y (SCR)    as determined from windows picked by the   aitomatic 

detector,   are  shown in Figure III-l.     The spectra in Figure 1II-1 r.re divided 

by the exact theoretical  solution for the signal  convolved with a unit spike. 

Signal to coda ratio was lowered by decreasing the spike amp- 

litude.     The calculated spectral amplitude decreaaei as it should.    Due to the 

effects of the automatic detector, tne expected  spectral  level for these tests 

are not  exactly known.     Consequently the absolute values of the spectra are 

not significant.     The relative displacement amplitude levels do appear to 

approximately  reflect  the change in signal amplitude.    Note that the shape of 

the spectra (divided b/  the expected theoretical  solution for a  spike)  should 

be flat. 

For SCR       4.0 the spectrum is nearly flat as expected,   ex- 

I ept lor some distortion near 0. 7 11/,.     This distortion If more apparent at 

SCR •   1.0.    At SCR       0. 15,   the technique finds negative spectral energy in 

the hands near 0. 7 Hz.     This is indicated by a discontinuous plot of the spectra 

with negative power shown as blank spaces.     Not.' the large apparent errors 

m the spectra at low frequencies,   especially near olank spaces. 

The presence of this divergence suggests that, as the coda 

energy dominates the pulse energy in the seismic signal the spectral estimates 
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can be Cx,.cc,ed ,„ becom,. „nr.HabU. a. ,ow frequencies.    Unfortunately {} 

>U. S.,uat,„„ is ,omeUm,.8 encountered w„b real Seismic data,   and probably 

depends pnntanly „n the si r.e of the coda rather than event.    As a result I 

Ot these tests it I. unknown whether „r not our spectra arc reliable at low 

frequencies.    U reliable spectra are tc be obtained at all frequencies,  or fl 

a. least w.thin ,he widest poss.ble frequency band,   errors due to this effect 

must bo reduced to a tolerable level. 
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SECTION IV 

RESULTS WITH SEISMIC DATA 

Twenty   eight everts recorded at NORSAR are analyzed.     The 

event parameters are listed in T^ble IV-1.     All magnitudes are determined 

teleseismicly by NOAA-PDE.     The data includes 6 regional earthquakes be- 

tween magnitude  3.1 and 4.5; 4 teleseismic earthquakes between magnitude 

5.4 and 6.1; 2 regional presumed explosions; and 8 teleseismic presumed 

explosions of magnitude between 4. 4 and  5. 6.    All these signals have signal- 

to-noise ratios greater than 2.0. 

On Figure IV-1 are earth displacement spectra of 4 teleseismic 

presumed explosions.    Most spectra exhibit a broad peak at about 2. 5 Hz and 

fall off sharply above corner frequencies between 3. 2 and 4. 8 Hz.    At lower 

frequencies the spectra decrease in amplitude at a rate of 0 to 6 dB/octave. 

The effects of errors in the displacement spectrum is apparent as gaps ;n the 

spectra.    These occur at frequencies where negative power was erroneously 

indicated.     The seismometer recordings filtered to remove poles in the system 

response are shown with the spectra. 

On Figure IV-2 are earth displacement spectra of 4 of the 

regional earthquakes.    Corner frequencies lie between 2. 2 and 4. 5 Hz. 

Nearly constant amplitudes appear below the apparent corner frequencies. 

Considerable effects due to errors in calculating the ground displacement 

spectra are indicated by gaps in th . spectra,   and by large and erroneous 

varriations near those gaps.    Data in the signal window are also shown. 

Where the signal-to-noise ratio is large it is possible to 

compare the maximum likelihood spectra with conventionil spectra computed 
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with 100 lags of the autocorrelation function and a Manning window.     Figure 

IV-3 shows such a comparison for regional  earthquake REOS; Figure IV-4 

for REQ12; Figure IV-S for REQ11; Figure IV-6 for the teleseismic presumed 

explosion TPE4; Figure IV-7 for TPES;  Figure IV-8 for the teleseismic 

earthquake TEQ6; and Figure IV-9 for TEQ4. In most cases the corner is 

indicated with less ar .biguity by the new method.     However,   t'i« sc are 

preliminary results and should be '.rcated with caution until the effects of 

errors, whose presence is obvious from inspection of the results,  have been 

resolved. 

Figure IV-IO illustrates three regional earthquakes from near- 

ly the same location in Greece.     These events are gradually emergent,   and 

amplv demonstrate the ability of the automatic detector to pick the signal 

window. 

Corner frequencies,   frequency exponents,   and displacement 

amplitudes measured from earthquake spectra are shown in Table IV-2. 

A test on the energy was made to check whether the measur3ment3 are repre- 

sentative of Brune's model. 

In Brune's model, 7   lies between 1.0 and 2.0,   and y    ranges 

from 2.0 to 10.0,   depending on the fractional stress drop.    The frequency 

exponents shown in  Table IV-2 appear to obey these requirements.     Conse- 

quently the corner frequencies there were use ' to estimate t shown on Table 

IV-2 through : 

€  =   0. 8 log (f   -f ) 
o    c 

which is an approximation to Brune's theoretical results. 

(IV-1) 

Equation (II-4) was used to calculate an equivalent corner 

frequency under Brune's model by integrating the square of the spectral 

density to find the radiated seismic energy E  .    The calculated values of the 
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corner frequency,  f  ,   lound from the energy,   arc shown in Table IV-2 and 

Figure IV-11.     The correlation coeffirent between f    and f    is 0.95,  and the 
e c 

standard deviation between i   and f    is 0.083 Hz.    Consequently wo find that 

there is good consistency between the model and the data,   and that quantities 

other than corner frequency and low frequency displacement amplitude can 

be described by the model. 

Spec tral magnitudes estimated by an equation analogous to 

equation {ll-r>) for local magnitude,   are given by equation (IV-2). 

in 
sb log n      +  1. 5 log f    +   k log    A +   C (IV-2) 

In this equation C determined empirically for the earthquake sample by 

minimizing the variance between the calculated m  .   and m    measured by the 
sb b 

network.    The factor k for distance scaling was taken to be +3.0 for regional 

events and +1.0 for teleseismic events,   reflecting the presence of head waves 

and direct waves respectively.    For the regional events,   an average value of 

C was found to be -1. 39,   and the standard deviation between the magnitudes 

determined by equation (IV-2) using this value and the network magnitudes was 

0. 17 magnitude units.    For the teledeismic events,    C   was +1.89 and the 

standard deviation between network and spectral magnitudes was 0.29 magni- 

tude units.    For the whole sample,   the standard deviation between the two 

magnitude estimates was 0.20 magnitude units,   and the  two magnitude estimates 

were highly correlated with coeffecient  0. 97. 

An attenuation factor 

C + k log A = m,   - logü    -   — log f 
b o       2 c 

is plotted as a function of epicentral distance in Figure IV-12 for each event 

IV-15 

'•*** • > ■»- 



Agjaua uioij pa^nduioo Aouanbajj jaujoo jo Soq 

W 
K 
5 
ü 

Q 

n S 
5 5 u w 

3 2 a 
w 
a 

a 
w 

a 
0 u 
a 

5 H 
co U 
<; z 
2 

o 

c 
to 
■—I 
Da 
< a, 
o u 

u 
Q 
0 

■ 
w 
z 
p 
a 
« 

Q 

<: 
N 
Ü 
« 
Ui 
2 
w 
U 
l-H 

2 
D 
a 
« w 
Ui co 

H Q 
w w 
2 

o 

DC 
H 

ä 
<: 
en 

IV-16 

i 
i 

! 

11 
II 

(i 
I) 

II 
II 

B 
11 

[I 

!) 

II 
0 
II 
I 
0 



i. 

I 
I. 
[ 
I. 
I 
I 
( 

I 

1 
I 
I 

I 
I 
I 

e 

■JO 

-o 

GO 

o 

sD 

d 

(aDU»iBxa) 8oq M + D 

IV-17 

W 
U 

A
M

P
L

 
IS

T
A

N
( 

0) J o 
-t 

n 
u 

C
T

R
A

 
T

R
A

L
 

U > w z 
c »-H Bi w • w4 u ■ u 
4/ 
U 5 

>w (M a 0 
—i 

4-t is Q W L 
P ^ 

a/i 
O >- O 

O 

J 

C
A

L
L

 
:A

L
IN

 

(X tf] 

— — 



I 
in thr carthquakf sample.     The solid lines are the best fit to the data,   using 

the values of C found above.     The transisition from regional  to teleseismi< 

behavior occurs at  ^9. 8    for this data set,   but only small variations in the 

value of C would allow this point to be shifted to 25   . 

To investigate its power as a discriminant,   the spet ral mag- 

nitude computed from equation (IV-<i) was plotted for earthquakes and presumed 

explosions.     The data are shovvn on Table IV-Z and plotted on Figure IV-13, 

Assuming that the explosion magnitudes are normally distri- 

buted about their regression line,   95% of them should fall above the dashed 

line.     All the earthquakes fall on or below this line,   and only one presumed 

explosion lies below it.    Furthermore,   that explosion is believed to be a 

multiple event.    For these reasons,   this criterion has promise as a discrimi- 

nant.     It should br emphasized,   however,   that the limited data sample prevents 

hard conclusions from being drawn on this subject. 

On Figure IV-14 is a plot of measured corner frequencies versus 

network magnitude.     The best linear fit to the earthquake population is 

Log f    -   -0.074   rrv     +0.74. (IV-3) 
c b 

Six of the logarithms of the explosion corner frequency measurements lie 

further than 0. 13 from the regression line for     Log f     ,      The event R'pE5, 

which failed the spectral magnitude versus network magnitude discrimination 

test was claimed to be an explosion by this corner frequency versus network 

IV-18 

I 

I The average deviation of the explosion spectral magnitudes 

from their network magnitudes was 0. 54 magnitude units,   and their correla- 

tion with the network m    was 0. 98.     This difference is reflected in the dis- 

placement of the lines representing the best linear fit to the earthquakes and 

presumed explosions. 
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magnitude test.     The large amount of scatter evident is rons.stent with the 

results 9i Peppin (1967) and Thatcher and Hanks (1973). 

Figure IV-1S is an empirical plot of   Log (^   corrected for 

distance attenuation defined to be 

i 

Log I!     a   Log Ü    + k Log \ + C (IV-4) 

where C i    -1. 39 and k =   3 for regional events,  and C .   1. 89 and   k =   1 for 

teleseismic events.     The median hne for the average Log Q-     versus net- 
work magnitude is 

ix>gno .  l.Hm^. i.2i   . (IV.5) 

Another linear combination of UgQ     and    Log f  .   which could 

provide discrimination information is the logarithm of the source dimension, 

which should be smaller for explosions than for earthquakes.     From equation 

I (11-5).   l^g (2r) is plotted against   Arr^m^-m^  which reflects anomalous 

^  I radiated seismic energy.   The results are shown on Figure IV-16.   where all of 

the explosions are separated except R:>E5.    Eight of the ten explosions show 

well defined separation from the space occupied by earthquakes. 

Where Alog ^ is the deviation of the logarithmic frequency 

from its expected value given by equation (1V.3), Figure 1V.17 shows   Mog L 

n plotted against    n^.    This discriminant combines those presented in Figures 

IV-13 and IV-14.    Complete discrimination between earthquakes and e.-.plosions 

H is obtained by the solid lines,   which require that events whose corner frequen- 

cy is anomolously high or whose spectral magnitude is anamolously high be 

claBsified as explo.ions.    However,   the discriminant based solely on corner 

frequency is supported by only one point,   and further data are required to 

establish its validity. 
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These results suggest that short-period spectral discriminants 

may provide at least supporting evidence for classification of everts.    More 

development of the maximum entropy spectrum,  and a wider data base might 

well provide a discriminant powerful enough to be independent of other tests. 

We strongly  recommend that such deve'opment be carried out. 

Another important result of this work is the close corres- 

pondence between the spectral magnitudes found for regional events and the 

teleseismiciy determined magnitudes (average of NOAA-PDE magnitudes) 

of these same events.     This correspondence suggests that the spectral 

method may be a convienent and accurate means of determining the true mag- 

nitude of an event at regional distances.     The absence of such a simple method 

for regional magnitude determination is the cause of a number of problems 

in seismology at present. 
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SECTION V 

CONCLUSIONS AND RECOMMENDATIONS 
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The purpose of this study was to examine sho-t-period spectral 

discriminants,   and in particular discriminants based on corner frequency, 

which is expected to reflect differences in source dimensions.    In order to do 

this a method of estimation based on HM maximum entropy spectrum was de- 

veloped.    This method does away with the conventional assumption that the 

data are zero outside the sample interval,   which is especially unrealistic for 

low signal-to-noise events.     This result is achieved by estimating the auto- 

correlation function outside the data interval with a prediction error filter, 

and deriving the spectrum from this extended autocorrelation function.    Tests 

on synthetic data showed that the shapes of spectra,  and possibly the ampli- 

tudes as well,   are quite satisfactory. 

For high signal-to-noise ratio the spectra estimated in this way 

are in general agreement with those calculated by the conventional Fourier 

transform method,   but show less ambiguity |Q their corner frequency.     At low 

signal-to-noise ratio.   Fourier methods cannot estimate these parameters at 

all.  while the maximum entropy method yields clear-cut solutions in many 

cases. 

In order to investigate the utility of the methjd as applied to the 

discrimination problem.   P-wave maximum e. tropy spectra were watched for 

28 earthquakes and presumed explosions. 

To determine the internal consistency of the data,   and to find 

if the data fit the model,  corner frequencies calculated by energy considera- 

tions were compared with those measured directly from spectra.    The agree- 

ment was quite satisfactory. 
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Corner frequencies measured directly from spectra were plot- 

ted against magnitude for the whole data sample.     There was a general trend 

for events with larger magnitudes tc have lower corner frequencies,   but the 

scatter in the data was too great to effectively separate earthquakes and pre- 

sumed explosions.    Consequently we conclude that corner frequency by itself 

has very little discriminatory power. 

A spectral magnitude, whose definition was motivated by that 

of spectral magnitudes calculated for local events,   was found for the earth- 

quake sample.    It was a function of the zero-frequency spectral amplitude, 

the corner frequency,  the epicentral distance,   and one constant which was ad- 

justed to minimize the variance between the spectral and network magnitudes. 

The network and spectral magnitudes found in this way were linearly related 

with a slope of nearly one.    Thei. spectral magnitudes were found for the pre- 

sumed explosions,   using the relationship derived for earthquakes.    These 

magnitudes were significantly higher than the corresponding network magni- 

tudes,   reflecting the higher radiated seismic energy associated with explo- 

sions.    A discriminant based on this magnitude difference would have separat- 

ed all earthquakes from explosions,  and would have misclassified only one 

explosion. 

The success of this single-valued discriminant lead to the 

search for a more powerful test using two parameters.    A discriminant which 

appears to be effective combines the difference between spectral magnitude 

and conventional event magnitude with deviations of the corner frequency from 

the value obtained from a regression of corner frequency versus magnitude. 

This two dimensional ploi a| short-period diucriminants indicated improved 

capability,  but the data sample was still too small to draw reliable conclusions. 

The results suggest that a measure of source dimension has discriminating 

power and that further research on this topic is justified, 
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Some problems remain with maximum entropy spectra,  how- 

ever.    In some situations additive random noise,  coda,   roundoff errors,  and 

inherent limitations of the algorithm result in spectral power estimates less 

than zero at some frequencies.    This is the most serious problem with the 

maximum entropy spectrum at this time. 

In view of the improved spectra derived for events with low 

signal.to-noise ratio,   and the more clear-cut measurements available fron 

spectra with high signal-to-noise ratio as compared with conventional tech- 

niques,  we recommend that more work on this subject be carried out.    In par- 

ticular,  a more accurate maximum entropy spectral estimation technique 

should be developed.    The improved method should be used to obtain accurate 

displacement spectrum of events for frequencies greater than 0.25 Hz.    Th« 

method should be capable of minimizing errors due to ambient noise and coda. 

Given such an improved method,  it should be applied to a broader data base 

comprising both teleseismic and regional events.    The magnitude base lines 

of both types of events should be extended as far aj possible to determine any 

magnitude limitations on the application of the discriminant. 
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